In spite of the availability of abundant data about in vitro spermatogenesis in laboratory animals, studies on human in vitro spermatogenesis are scarce. This study employed a relatively simple culture system, involving all cell types of seminiferous tubules, to analyze the effects of FSH and testosterone (T) on different characteristics of human germ and Sertoli cells in culture. By using fluorescence in-situ hybridization, we show that in vitro reduction of germ cell ploidy can be stimulated by FSH but not by T. FSH, but not T, also induced unexpectedly rapid (24 -48 h) morphological changes resembling spermiogenesis, although individual changes (spermatid nucleus condensation and protrusion, cell body elongation, and flagellar growth) proceeded in an uncoordinated way and mostly resulted in the development of abnormal forms of elongated spermatids. Though ineffective alone, T potentiated the effects of FSH on meiosis and spermiogenesis. These effects of T were probably caused by the prevention of Sertoli cell apoptosis, an effect that could not be mimicked by FSH. These data show that, in the presence of high concentrations of FSH and T, human spermatogenesis can proceed in vitro with an unusual speed, but the resulting gametes are morphologically abnormal. The potential practical relevance of these findings to assisted reproduction remains to be assessed. (J Clin Endocrinol Metab 83: [4467][4468][4469][4470][4471][4472][4473] 1998) 
M AMMALIAN spermatogenesis in vivo is a long and complex process, which is controlled by multiple and mutually interacting mechanisms (1-3). There has been much effort to develop cell culture systems with which spermatogenesis could be achieved in vitro. Early studies made use of relatively simple systems in which whole segments of seminiferous tubules were maintained in culture for several days (4 -7) . Later on, the culture systems for in vitro spermatogenesis were progressively refined to better assess individual cellular and molecular interactions (1) . Although these refinements facilitated the analysis of spermatogenesis mechanisms, the yield of germ cells undergoing developmental progression and the speed of this progression did not seem to be improved by these modifications. In fact, the contrary was true in most cases.
In a preliminary series of experiments, we performed cultures of testicular tissues sampled from patients suffering from complete spermiogenesis failure (8) , in conditions bearing some similarity to the above early animal studies. Surprisingly, round spermatids from some patients overcame the spermiogenesis block, and some of them showed signs of elongation (Tesarik et al., work in preparation) .
In this study, we address the question of whether the efficacy of this culture system can be improved by supplementing the culture medium with FSH and testosterone (T), the two hormones known to be directly implicated in the regulation of spermatogenesis by acting at Sertoli cells (9, 10) . The effects of added hormones on the progression of meiosis, on spermiogenesis, and on the development of apoptotic DNA damage of Sertoli cells were analyzed.
Materials and Methods

Source and preparation of testicular cells
Testicular biopsy was performed in 18 men suffering from obstructive azoospermia to obtain spermatozoa for intracytoplasmic sperm injection (ICSI). Pieces of testicular tissue were placed in GAMETE-100 medium (Scandinavian IVF, Goteborg, Sweden) and disintegrated mechanically by stretching between two microscope slides, followed by repeated aspiration into a 1-mL tuberculin syringe. Large tissue pieces were removed, and the remaining cell suspension was homogenized and distributed among individual treatment groups. Testicular cells in these suspensions either were isolated or formed small cell clusters (Fig. 1A) . The appearance of these cell clusters was similar after 48 h of in vitro culture (see below), except for a reduction of Sertoli cells occurring in media that were not supplemented with T (Fig. 1B) . For both fresh and cultured testicular cells, aliquots of this suspension were incubated at 37 C with 1000 U/mL collagenase IV (Sigma Chemical Co., C-5138, St. Louis, MO), as described (11) , to achieve complete disintegration of the cell clusters into single cells. This preparation was used for quantitative evaluation of the proportion of individual types of germ cells but not for further culture. The same enzymatic treatment was applied to samples in all experimental groups (see below) at the end of culture, before final evaluation.
In vitro culture protocols
All cultures were carried out in GAMETE-100 medium (Scandinavian IVF), in a water bath set to 30 C. Recombinant human FSH (Puregon, Organon, Oss, The Netherlands) was added at final activity concentrations of 10 IU/L, 25 IU/L, 50 IU/L, or 100 IU/L. Water-soluble T (Sigma Chemical Co., T-5035) was added at a concentration of 1 mol/L (cal-culated according to the weight proportion of T in the water-soluble complex).
Evaluation of germ cell ploidy
The ploidy of germ cells, at different times of in vitro culture, was evaluated using a method combining fluorescence in-situ hybridization (FISH), using a digoxygenin-labeled probe for human chromosome 15, with immunocytochemical detection of proacrosin; these experiments were performed with smears of collagenase-dissociated cells and with the same reagents and protocols as described (12) . The proacrosinspecific 4D4 monoclonal antibody was a generous gift from Dr. Denise Escalier (University of Paris, France). This antibody recognizes human spermatogenic cells from the pachytene primary spermatocyte stage onward (13) . The FISH signal was revealed with Texas red-conjugated antidigoxygenin antibody, whereas the proacrosin immunoreactivity was visualized with fluorescein isothiocyanate-labeled antimouse IgG secondary antibody (Sigma Chemical Co.), and cell nuclei were counterstained with 4,6-diamidino-2-phenylindol (Fig. 2) .
Evaluation of spermatid cytology
Collagenase-dissociated cells were smeared onto microscope slides, fixed with ethanol, and stained with the use of the Papanicolaou method (14) . Normal spermiogenesis forms (Fig. 3) were classified as Sa, Sb1, Sb2, Sc, Sd1, and Sd2, according to the criteria described by de Kretser and Kerr (15) . In addition, the occurrence of three abnormal forms of human spermatogenic cells (Fig. 3) , termed Saf, Sbp, and Scp, was also evaluated. The Saf (Sa with flagellum) stage only differed from Sa by the presence of a flagellum, whereas the cell did not show any signs of elongation; and the nucleus was still round, uncondensed, or only slightly condensed and was surrounded by a continuous rim of cytoplasm. Sbp (Sb pathological) spermatids still retained the round cell shape, but the nucleus was already condensed, elongated, and protruding at one pole of the cell. Scp (Sc pathological) spermatids possessed a flagellum but still retained the round cell shape. Unlike Saf, Scp spermatids also had a more-or less-condensed and protruding nucleus (Fig. 3) .
Aliquots of the same samples as used for cytological analysis were subjected to supravital staining with eosine (14) to determine cell viability.
Evaluation of Sertoli cell apoptosis
The presence of apoptosis-related DNA strand breaks in Sertoli cell nuclei was evaluated by terminal deoxynucleotidyl transferase-mediated deoxyuridine 5-triphosphate nick end labeling (TUNEL) using the Cell Death Detection Kit (Boehringer, Mannheim, Germany) according to manufacturer's instructions.
Quantitative evaluation and statistics
Two hundred cells were evaluated in different types of smear preparation (FISH, immunocytochemistry, cytology, and TUNEL) for each culture period and each kind of hormone supplementation. Testicular cells, recovered from one patient, represented one replicate. Percentages were calculated for each cell category, as defined in individual experiments. Quantitative data (mean Ϯ sem) were analyzed by 2 and Kruskal-Wallis tests.
Results
Effect of FSH on germ cell meiosis and spermiogenesis
After 24 h of culture with different concentrations of FSH, no effect on the ploidy of 4D4-reactive germ cells was observed with an FSH concentration of 10 IU/L. In contrast, there was a significant decrease in the percentage of cells showing four hybridization spots (4N tetraploid) and an increase in the percentage of cells showing one spot (1N haploid) with higher FSH concentrations. Beginning with 50 IU/L FSH, an increase in cells with 2 spots (2N haploid) was also observed, whereas no differences were detected between FSH concentrations of 50 IU/L and 100 IU/L ( Table 1) .
The lowest FSH concentration at which an effect on spermiogenesis was observed was also 25 IU/L, producing a shift in the proportion of elongated spermatids towards more advanced stages of spermiogenesis and, especially, an increase in the abnormal forms of elongated spermatids Sbp and Scp (Table 2) . Further increasing FSH concentration did not augment this effect (Table 2) . No differences in cell viability were detected between individual groups (Table 2) . Preliminary experiments (n ϭ 6) did not show any increase in T concentration in culture media after 1 and 2 days of testicular cell culture, either in the absence of FSH or in the presence of FSH at concentrations of 25 IU/L and 50 IU/L (data not shown). 
Separated and combined effects of FSH and T on germ cell meiosis and spermiogenesis
Supplementation of culture medium with 1 mol/L T did not produce any effect on either germ cell meiosis (Table 3) or spermiogenesis (Table 4) . However, when added together with FSH, T potentiated the effect of FSH, both on meiosis (Table 3 ) and on spermiogenesis (Table 4) , as early as after 24 h of culture, and these effects were even more marked after 48 h of culture. The potentiation by T of the FSH effect on meiosis was only detected as a decrease in the percentage of 4N tetraploid cells and as an increase in the percentage of 1N haploid cells, without any detectable change in the prevalence of 2N haploid cells (Table 3 ). The potentiation by T of spermiogenesis-related changes was reflected by an increased percentage of the Sd2 normal forms and Scp abnormal forms of spermatids, whereas the prevalence of the Sbp abnormal forms showed a slight decrease after 24 h of culture (Table 4) . No changes were detected in other spermatid forms.
Unlike the 24-h culture interval, the survival of cells after 48 h of culture was also slightly (but significantly) improved in the presence of T, irrespective of the presence of FSH in culture medium (Table 4) .
Separated and combined effects of FSH and T on Sertoli cell apoptosis
Unlike FSH, T had a strong inhibitory effect on the progression of apoptotic DNA fragmentation in cultured Sertoli cells, irrespective of whether it was added alone or together with FSH (Table 5 ). This effect was especially marked after 48 h of culture. The combined addition of FSH and T did not potentiate the antiapoptotic effect of T on Sertoli cells, as compared with T alone (Table 5) .
Discussion
The results of this study suggest that FSH stimulates both germ cell meiosis and spermiogenesis during in vitro culture of human testicular cells. This conclusion can be made after taking into account all precautions related to the specific nature of our experimental system. One (and probably the most important) precaution is related to the open and dynamic character of the system under study, contrasting with the static nature of the descriptive criteria to which the changing elements of this system had to be accommodated. However, a synthetic view of the data described in this study makes the conclusion of accelerated germ cell meiosis and spermiogenesis caused by the action of FSH the most consistent interpretation.
First of all, the marked decrease in 4N diploid germ cells and the increase in 1N haploid germ cells during culture with FSH were not accompanied by a corresponding increase in either 2N haploid forms or in the earliest stages of spermiogenesis. Because no measurable decrease in the overall cell viability occurred during 2 days of culture with FSH and T, these observations must reflect an acceleration by FSH of both the first and the second meiotic division, with a concomitant depletion of the earliest forms of 1N haploid round spermatids by a simultaneous acceleration of spermiogenesis. In fact, a major shift in the prevalence of individual stages of spermatogenesis after 2 days of culture was from 4N primary spermatocytes towards the Sd2 late form of spermiogenesis, as well as towards the Scp abnormal elongatedspermatid form representing a typical product of in vitro spermiogenesis in the presence of FSH. Further, T did not show any similar effect. Finally, recombinant FSH was used in this study, thus excluding the possibility of Leydig cell stimulation by LH contaminating urinary FSH preparations. A, Sa spermatid with a still uncondensed nucleus (n) surrounded by a continuous rim of cytoplasm. B, Saf spermatid with a centrally located, partly condensed nucleus (n) and a long flagellum (arrows). C, Sb2 spermatid with a slightly protruding, partly condensed nucleus (n) and an elongated cell body with a short flagellum (arrow). D, Sbp spermatid with a highly condensed, protruding nucleus (n) and a still round cell body without flagellum (arrow). E, Sd1 spermatid with a highly condensed, protruding nucleus (n) and an elongated cell body with a long flagellum (arrows). F, Scp spermatid with a partly condensed, slightly protruding nucleus (n), a still round cell body, and a long flagellum (arrows). Our findings concerning the effects of FSH on in vitro germ cell meiosis and spermiogenesis and of the absence of T effects on these processes are unexpected, and they challenge the widespread idea, according to which T is the main hormone regulating mammalian spermiogenesis with only a marginal, if any, contribution of FSH (16 -22) . It has to be noted, however, that a relatively high concentration of FSH (25 IU/L) was needed to produce perceptible changes in both germ cell ploidy (Table 1 ) and spermatid morphology ( Table  2 ). This concentration is higher than the normal FSH concentration in male blood plasma, although even higher concentrations were detected in some men who suffered from nonobstructive azoospermia but with whose testicular spermatozoa it was still possible to fertilize and achieve pregnancies after ICSI (23) . As to T, the concentration chosen in this study (1 mol/L) was slightly higher than the physiological one in the seminiferous tubules. A previous study (24) demonstrated a significant suppression of human male germ cell apoptosis by T at concentrations of 1 mol/L and 0.1 mol/L. The higher of those two concentrations was given preference in this study to make more likely the achievement of release of an effective concentration of free T from the water-soluble complex (see Materials and Methods). The effects of FSH and T on in vitro spermatogonial proliferation and the transition of spermatogonia to spermatocytes were not addressed in this study, and they remain to be evaluated. These findings are even more surprising, in view of the unusual speed with which spermiogenesis was progressing in vitro, as compared with the in vivo timing (25) . One possible explanation for this discrepancy is the abrogation, under in vitro conditions, of many developmental control checkpoints, which normally do not allow further progression of spermiogenesis until previous steps have been completed. The frequent development of abnormal spermatid forms may be the price to be paid for this developmental speed. The relevance, to normal human spermatogenesis, of the rapid changes in germ cell ploidy and spermatid populations during in vitro culture is not clear. Work is in progress to evaluate the fertilizing ability of in vitro-developed spermatids after their injection into oocytes (26) .
In agreement with our data, two other recent studies (27, 28) have also reported a rapid flagellar growth in human round spermatids in vitro. In this study, these changes were usually accompanied by nuclear condensation and protrusion, but only when effective concentrations of FSH were present in culture medium. This explains why these nuclear changes were not observed in the two previous studies (27, 28) , in which the culture medium was not supplemented with FSH.
The main effects of T observed in this study were related to the improvement of Sertoli cell survival in culture with the inhibition of the apoptotic pathway leading to DNA fragmentation. Although rat and human Sertoli cells seem to be relatively resistant to in vivo apoptosis (24, 29, 30) , explanted and in vitro cultured Sertoli cells fall prey to apoptosis with a much greater ease (31) . In agreement with the results of the present study, T has previously been shown to protect human Sertoli cells against experimentally induced in vitro apoptosis (24) .
Taken together, the results of this study suggest that human germ cells can undergo meiosis and spermiogenesis with an extraordinary speed when they are cultured in vitro in the presence of FSH, and that T can potentiate this FSH effect by preventing apoptosis in the cocultured Sertoli cells. The possibility of inducing in vitro spermatogenesis in men with spermatogenesis arrest and of using the resulting in vitro cultured germ cells for assisted reproduction is currently under investigation. 
